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Nonmuscle myosin-II is a key motor protein that drives cell shape change and cell movement. Here, we analyze the
function of nonmuscle myosin-II during Drosophila embryonic myogenesis. We find that nonmuscle myosin-II and the
adhesion molecule, PS2 integrin, colocalize at the developing muscle termini. In the paradigm emerging from cultured
fibroblasts, nonmuscle actomyosin-II contractility, mediated by the small GTPase Rho, is required to cluster integrins at
focal adhesions. In direct opposition to this model, we find that neither nonmuscle myosin-II nor RhoA appear to function
in PS2 clustering. Instead, PS2 integrin is required for the maintenance of nonmuscle myosin-II localization and we show
that the cytoplasmic tail of the bPS integrin subunit is capable of mediating this PS2 integrin function. We show that
mbryos that lack zygotic expression of nonmuscle myosin-II fail to form striated myofibrils. In keeping with this, we
emonstrate that a PS2 mutant that specifically disrupts myofibril formation is unable to mediate proper localization of
onmuscle myosin-II at the muscle termini. In contrast, embryos that lack RhoA function do generate striated muscles.
inally, we find that nonmuscle myosin-II localizes to the Z-line in mature larval muscle. We suggest that nonmuscle
yosin-II functions at the muscle termini and the Z-line as an actin crosslinker and acts to maintain the structural integrity
f the sarcomere. © 2001 Academic Press
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bINTRODUCTION
The cellular and molecular mechanisms that result in the
formation of mature contractile muscles are the subject of
intense scrutiny. Recent studies have greatly advanced our
understanding of the signaling pathways that regulate cell
commitment to a myogenic fate (reviewed in Baylies et al.,
998; Borycki and Emerson, 2000; Brand-Saberi and Christ,
999). In addition, analysis of muscular dystrophies has
dentified many important proteins that function to main-
ain the integrity of mature muscle (reviewed in Hack et al.,
000; Miyagoe-Suzuki et al., 2000; Rafael and Brown, 2000).
acking is a complete understanding of the molecular
vents that occur during myofibrillogenesis, the process by
hich the essentially “nonmuscle” cytoskeletal architec-
1 To whom correspondence should be addressed. Fax: (919) 613-
e8177. E-mail: dkiehart@duke.edu.
0012-1606/01 $35.00
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All rights of reproduction in any form reserved.ure of the myoblast is replaced by the near crystalline
rrays of muscle sarcomeres and their constituent proteins.
Each sarcomere is an individual unit that contains a set of
he highly ordered, overlapping arrays of actin thin fila-
ents and muscle-specific myosin-II thick filaments that
ower muscle contraction. Oppositely oriented arrays of
hin filaments from neighboring sarcomeres are anchored at
he Z-line and these structures function to transmit tension
long the muscle to the termini. Myofibrillogenesis thus
equires the careful coordination of multiple structural
vents: arrays of thin filaments are aligned and anchored at
he Z-line; arrays of thick filaments are formed and an-
hored at the M-line; filaments of the giant protein, titin,
stablish interarray connections and somehow the struc-
ure and function of these three filament systems are
ntegrated. Further, in order for mechanical force to be
ransferred to the skeleton, a strong transmembrane link
etween the terminal sarcomere and the tendon must be
stablished.
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216 Bloor and KiehartMany studies of myofibrillogenesis have utilized electron
microscopy to follow myofibril formation (e.g., Fischman,
1967; Kelly, 1969; Reedy and Beall, 1993) and this approach
has been complemented by analyses performed in cultured
cells (e.g., Holtzer et al., 1957, 1997; Rhee et al., 1994).
Despite this effort, no consensus has been reached as to the
mechanism by which myofibrils are formed. Indeed, two
different models of myofibrillogenesis can be found in the
current literature. In one model, a-actinin-containing
Z-bodies that define “mini-sarcomeres” are strung along
premyofibrils that are rich in actin and nonmuscle myosin-
II. As myofibrillogenesis proceeds several molecular events
occur: titin associates with the developing myofibrils, the
Z-bodies fuse laterally and their spacing increases to that
seen for mature sarcomeres, and nonmuscle myosin-II is
replaced by muscle-specific myosin-II (Dabari et al., 1997;
LoRusso et al., 1997; Rhee et al., 1994; Sanger et al., 2000).
In the other model, myofibrils are generated by the incor-
poration of independently formed, full-length 1.6-mm arrays
f thick filaments with a-actinin-, actin-, and titin-
containing I-Z-I bodies (Holtzer et al., 1997; Ojima et al.,
1999).
While these models differ in several ways, one clear
molecular distinction is the involvement of the “non-
muscle” cytoskeleton; nonmuscle myosin-II is a compo-
nent of the premyofibrils, but is absent from developing and
mature 1.6-mm-thick filament arrays (Holtzer et al., 1997).
vidence that nonmuscle myosin-II might play a role in
yofibrillogenesis comes from several sources. For ex-
mple, knockout and hypomorphic mutations in the mouse
onmuscle myosin-IIB gene cause defects in heart develop-
ent, including cardiac myofibrillar disarray (Tullio et al.,
997; Uren et al., 2000). This relatively minor myofibrillar
henotype suggests that nonmuscle myosin-II is not re-
uired for the formation of myofibrils, but that it does
ontribute to their overall organization. Alternatively,
hile nonmuscle myosin-IIA is not normally expressed in
ardiac cells, its upregulation in mutant animals (Tullio et
l., 1997), or the presence of other nonmuscle myosin-II
soforms (Berg et al., 2001), may reduce the severity of the
henotype. Indeed, inhibition of nonmuscle myosin light
hain kinase (MLCK) in cultured Xenopus myocytes blocks
yofibril formation (Ferrari et al., 1998), providing indirect
vidence for a more central role for nonmuscle myosin-II in
yofibrillogenesis. In addition, a recent immunofluores-
ence study of sectioned mammalian muscle tissue has
hown that nonmuscle myosin-II is present in mature
uscle (Takeda et al., 2000). Nonmuscle myosin-II iso-
orms are found at the Z-line in skeletal muscle, while
onmuscle myosin-IIB is found at both Z-lines and cos-
ameres (cell–cell attachments) in cardiac muscle. This
atter localization may reflect a role for nonmuscle
yosin-II in the formation of costameres and myotendi-
ous junctions (MTJ’s). Members of the integrin family of
ell surface proteins, the same molecules that adhere cul-
ured fibroblasts to the extracellular matrix (ECM) at focal
dhesions, are localized at these sites (Kim et al., 1999; t
Copyright © 2001 by Academic Press. All rightidball, 1994). Integrin clustering at focal adhesions is
ependent on activation of nonmuscle actomyosin-II con-
ractility (Chrzanowska-Wodnicka and Burridge, 1996).
hus, by analogy, the localization of integrins at the cos-
amere and MTJ might require the function of nonmuscle
yosin-II.
Genetic analysis in the fruitfly, Drosophila melano-
aster, has been an extremely effective tool for the
nalysis of myogenesis. For example, genetic deletion of
ither actin or muscle-specific myosin-II from the adult
ight muscles demonstrates that, although both thin and
hick filament arrays are capable of forming indepen-
ently, interactions between the two filament networks
re required to generate ordered sarcomeres of normal
eriodicity (Beall et al., 1989). Furthermore, genetic dis-
uption of the stoicheiometry between actin and muscle-
pecific myosin-II causes similar defects in sarcomeric
tructure. These alterations in periodicity have been
nterpreted as support for the premyofibril model of
yofibrillogenesis, the model that suggests nonmuscle
yosin-II may function in this process.
Here, we use the genetic strategies available in Drosoph-
la to investigate potential roles for nonmuscle myosin-II in
yofibril formation. By the end of Drosophila embryogen-
sis, the unhatched larvae possesses an exquisite, reiterated
attern of 30 or so striated muscles per hemisegment. These
re the products of a complex program of embryonic myo-
enesis that ends when muscles form specialized muscle
ttachments and the muscle cytoskeleton becomes orga-
ized into sarcomeres. PS2 integrin is localized at the
uscle termini and mediates adhesion at the muscle at-
achment sites through its binding to the ECM or tendon
atrix (Bogaert et al., 1987; Brabant and Brower, 1993;
rown, 1994; Prokop et al., 1998). We demonstrate that
onmuscle myosin-II colocalizes with PS2 integrin at the
ermini of the developing embryonic muscles and that, like
S2, it is required for myofibrillogenesis. However, despite
ur finding that it is also required for proper embryonic
uscle patterning, we show that nonmuscle myosin-II
ontractility is not required for muscle attachment or the
ocalization of PS2 at muscle termini. In contrast, although
he initial localization of nonmuscle myosin-II to the
uscle termini is independent of PS2, its continued main-
enance at these sites requires the presence of this integrin.
urther, we show that the cytoplasmic tail of the bPS
integrin is sufficient for this continued localization.
Through the analysis of nonmuscle myosin-II localization
and actin organization in specific mutant embryos, we
provide evidence that nonmuscle myosin-II functions
downstream of PS2 in the formation of sarcomeric ultra-
structure. As we find that nonmuscle myosin-II localizes to
the Z-line in 3rd instar larval muscle, we suggest that it acts
o maintain the integrity of Z-line and muscle terminal
tructures during muscle contraction and that this is essen-
ial for the formation of striated myofibrils.
s of reproduction in any form reserved.
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217Nonmuscle Myosin-II Function in Drosophila MyogenesisMATERIALS AND METHODS
Drosophila Stocks and Crosses
The following mutations were used in this study: zip2 and zip1D16
(Mansfield et al., 1996; Nusslein-Volhard et al., 1984); ifB4 (Brown,
1994); RhoA72O and RhoA72F (Strutt et al., 1997). In addition, the
ollowing transgenes were used: p[w1, UAS-RhoAN19] (Strutt et al.,
997); Drosophila pseudoobscura p[l(2)gl] (Torok et al., 1993);
[w1, 24B-GAL4] (Brand and Perrimon, 1993); p[w1, twGAL4]
Greig and Akam, 1993) and p[w1, UAS-CD2bPScyt] (Martin-
Bermudo and Brown, 1996).
Homozygous zip2 embryos were generated by first outcrossing
cn bw sp zip2/SM6 males to w virgins and then backcrossing F1 cn
bw sp zip2/1 males to cn bw sp zip2/SM6 virgins. zip2 mutant
mbryos were distinguished from wild-type siblings by the pres-
nce of a conspicuous dorsal hole and head defects (Nusslein-
olhard et al., 1984; Young et al., 1993; Zhao et al., 1988).
emizygous ifB4 embryos were generated by outcrossing y w v ifB4
f/FM6 virgins to w males. ifB4 mutant embryos were identified by
their muscle detachment phenotype (Brown, 1994). Transheterozy-
gous RhoA embryos were generated by crossing y w;RhoA72O/CyO
ales to y w;RhoA72F/CyO virgins. RhoA mutants were identified
by their head skeleton defects (Magie et al., 1999; Strutt et al.,
1997). Dominant negative RhoA was expressed in the mesoderm by
crossing homozygous p[w1, UAS-RhoAN19] virgins to homozygous
4B males. CD2bPScyt was expressed in muscle in the absence of PS2
y using a combination of the twGAL4 and 24B GAL4 drivers as
described (Martin-Bermudo and Brown, 1996).
Crosses were cultured in small-population cages and embryos
were collected on grape juice plates and aged at 25°C. Further
information regarding the mutations used can be obtained from
Flybase (http://flybase.bio.indiana.edu/).
Immunofluorescence
Antibody staining was performed on whole embryos by using
standard methods. Briefly, appropriately aged embryos were
brushed off grape juice plates in water and collected in small
baskets. They were dechorionated in 50% bleach and rinsed in
water before being transferred to phosphate-buffered saline (PBS:
137mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 2 mM KH2PO4).
enerally embryos were fixed for 20 min in a 1:1 mix of heptane
nd 4% paraformaldehyde in PBS before being devitellinized in
ethanol. The exception occurred when staining with the anti-
onmuscle myosin-II heavy chain antibody 656. In this case,
xation was for a maximum of 5 min in the presence of 50 mM
GTA. Fixed embryos were rinsed in PT (PBS, 0.3% Triton X-100)
nd blocked for 1 h in PBT (PBS, 0.3% Triton X-100, 0.5% BSA).
rimary antibody incubation was for a minimum of 1 h at room
emperature and a maximum of overnight at 4°C. Secondary
ntibody incubations were for at least 2 h at room temperature.
etween incubations, embryos were washed in PBT. After the final
ash, they were taken through a glycerol series before being
ounted in PD mountant (10% PBS, 90% glycerol, 1 mg/ml
p-phenylenediamine). Embryo staging follows Campos-Ortega and
Hartenstein (1985). Antibody staining of muscle in 3rd instar larvae
was performed following the same protocol after larvae were
dissected flat and treated with 1 mg/ml Collagenase (Sigma) for 2
min at 37°C.
The following primary antibodies were used in this study: a
1:1000 dilution of rabbit anti-nonmuscle myosin-II heavy chain,
656 (Kiehart and Feghali, 1986; Kiehart et al., 1990); a 1:8 dilution
Copyright © 2001 by Academic Press. All rightof a monoclonal mouse anti-muscle-specific myosin-II, FMM5
(Kiehart et al., 1990); a 1:4 dilution of rat anti-aPS2 (Brower et al.,
1984); a 1:3000 dilution of rabbit anti-PAK (Harden et al., 1996);
nd a 1:1000 dilution of mouse anti-rat CD2, OX-34 (PharMingen).
t should be noted that 656 and FMM5 are highly specific antibod-
es. For example, 656 binds to the nonmuscle myosin-II heavy
hain with several orders of magnitude greater efficiency than that
ith which it binds the muscle-specific myosin-II heavy chain
Kiehart and Feghali, 1986). Directly conjugated fluorescent sec-
ndary antibodies were affinity purified and from commercial
ources (although, due to a serious fire that occurred during the
ourse of this work, information regarding the commercial suppli-
rs of these secondary antibodies was lost). They were used at the
ollowing concentrations: FITC-conjugated anti-mouse antibody,
:500; rhodamine-conjugated anti-rabbit, 1:500; FITC-conjugated
nti-rabbit, 1:500; Cy5-conjugated anti-rat, 1:2000.
UAS-GMA Lines
For a detailed description of GFPMoe markers and their use in
following the distribution of filamentous actin in vivo see Edwards
et al. (1997) and Kiehart et al. (2000). We generated UAS-GMA by
cloning the GMA construct, consisting of the human codon bias
S65T version of GFP fused to the actin-binding domain of Drosoph-
la moesin, directly into the pUAST transformation vector using
he EcoRI and NotI restriction sites. Transgenic UAS-GMA lines
were generated by standard germline transformation techniques.
To analyze actin organization in the muscles of wild-type and
zip mutant embryos, we crossed y w;P[UAS-GMA] sp zip2/SM6
virgins to y w;cn bw sp zip2/SM6; 24B males. Similarly, we crossed
P[UAS-GMA];RhoA72O/CyO virgins to w;RhoA72F/CyO;24B
males to analyze actin organization in the muscles of RhoA mutant
embryos. Embryos were imaged on a modified Teflon window
chamber by using confocal microscopy (Kiehart et al., 1994).
Microscopy
Confocal microscopy was performed by using either a Biorad
MC-600 in conjunction with a Zeiss Axioscop or a combination of
a Zeiss LSM and Axiovert S100 TV using 253, 0.8 NA and 633, 1.4
NA objectives. Images were processed in Adobe Photoshop.
RESULTS
Nonmuscle Myosin-II Localizes to Sites of PS2
Integrin Clustering
Nonmuscle myosin-II is present in developing muscula-
ture and therefore potentially able to contribute to the
formation of muscle attachments and the reorganization of
the muscle cytoskeleton into myofibrils. To demonstrate
this, we stained developing wild-type embryos with a
polyclonal antibody that specifically recognizes nonmuscle
myosin-II heavy chain. Whole mounts of developing em-
bryos are accessible to antibody penetration until the end of
stage 16 (approximately 16 h after egg lay) when the
deposition of the larval cuticle forms an impermeable
barrier. By this stage, the embryo possesses a complete set
of larval somatic muscles (Figs. 1A and 2A) and these have
formed strong PS2 integrin-dependent muscle–muscle and
s of reproduction in any form reserved.
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218 Bloor and Kiehartmuscle–epidermal attachments (Brabant and Brower, 1993;
Brown, 1994). In addition, at this stage, although the
muscles are not yet striated, electron microscopy reveals
that small numbers of loosely organized myofilament
bundles, as well as Z-bodies, are present in the muscle
sarcoplasm (Bernstein et al., 1993). In stage-16 wild-type
muscle, nonmuscle myosin-II appears diffusely distributed
throughout the muscle sarcoplasm, but is highly concen-
trated at the muscle termini (Figs. 1B–1E). Double staining
wild-type stage-16 embryos for both nonmuscle and
muscle-specific myosin-II reveals that these myosin-II iso-
forms are present in distinct subcellular domains (Fig. 1D).
Nonmuscle myosin-II is highly concentrated at the muscle
termini, while muscle-specific myosin-II occupies the
muscle sarcoplasm and appears to be excluded from the
termini.
During Drosophila embryogenesis, nonmuscle myosin-II
is commonly found localized at sites of contractile function
(e.g., Giansanti et al., 2001; Winter et al., 2001; Young et al.,
FIG. 1. Nonmuscle myosin-II, and not muscle-specific myosin-II
muscle termini. (A) Ventral view of a stage-16 wild-type embryo
ventral muscles, the ventral longitudinals (VL’s) that attach end to
stained for nonmuscle myosin-II show a low level of diffuse stainin
the muscle termini. (D) A high-magnification confocal image of a
muscle-specific myosin-II (green) and nonmuscle myosin-II (red). T
terminal domain occupied by nonmuscle myosin-II. (E–G) Similar
double stained for nonmuscle myosin-II (E) and PS2 integrin (F). (G
myosin-II occur throughout the muscles (diffuse green stain), at the
in a discrete subcellular domain (yellow stripes).991, 1993). Thus, its discrete localization at the muscle
Copyright © 2001 by Academic Press. All rightermini suggests that there is a role for nonmuscle myosin-
I-mediated contractility at these sites. PS2 integrin is also
ocalized at the muscle termini (Bogaert et al., 1987).
ouble staining wild-type stage-16 embryos for both PS2
nd nonmuscle myosin-II shows that these proteins colo-
alize (Figs. 1E–1G). This is consistent with the proposed
ole for nonmuscle actomyosin-II contractility in the clus-
ering of vertebrate integrins at focal adhesions and suggests
hat a similar mechanism may drive the localization of PS2
ntegrin to muscle termini in Drosophila.
Nonmuscle Myosin-II Function during Embryonic
Myogenesis
The reiterated pattern of somatic muscles present in
stage-16 embryos allows even very subtle defects in muscle
development to be easily detected. Thus, we examined the
somatic muscle pattern of stage-16 embryos that were
mutant for zipper (zip), the gene that encodes Drosophila
calizes with PS2 integrin in a discrete subcellular domain at the
ed for muscle-specific myosin-II, revealing the innermost set of
along the length of the embryo. (B, C) Stage-16 wild-type embryos
oughout the muscles and distinct stripes of protein localization at
f VL muscles from a wild-type stage-16 embryo double stained for
learly shows that muscle-specific myosin-II is excluded from the
-magnification confocal images from a wild-type stage-16 embryo
merge of these images shows that, while low levels of nonmuscle
le termini, high levels of nonmuscle myosin-II colocalize with PS2, colo
stain
end
g thr
set o
his c
high
) A
muscnonmuscle myosin-II heavy chain (Young et al., 1993). Null
s of reproduction in any form reserved.
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219Nonmuscle Myosin-II Function in Drosophila MyogenesisFIG. 2. zip and RhoA mutants exhibit muscle pattern defects, but localize PS2 integrin normally. (A) Ventral view of a stage-16 wild-type
embryo stained for muscle-specific myosin-II, revealing the ventral oblique muscles (VO’s) and the three peripheral ventral acute muscles
(VA1, VA2, VA3). Muscle nomenclature follows Bate (1993). (B) Similar view from a zip mutant embryo: VA3 is missing from each segment,
while VA1 and VA2 are present only in one segment (white arrowheads). (C) A dorso-lateral view of a 14- to 16-h AEL embryo homozygous
for zip2 and stained for PS2 integrin. The lateral epidermis (white arrows indicate the dorsal edge of the epidermis) fails to complete dorsal
closure leading to the extrusion of the gut (*). However, despite the disruption of nonmuscle myosin-II function, PS2 is localized normally
to the muscle termini as indicated by the bright bands of staining in the figure. (D) A lateral view of a 14- to 16-h AEL embryo that is
homozygous for zip2 and carries four copies of a l(2)gl transgene, double stained for muscle-specific myosin-II (green) and PS2 (red).
epletion of maternal nonmuscle myosin-II in a zip2 background results in a failure in germband retraction at approximately 8.20–9.20 h
AEL (white arrows indicate the position of the dorsal edge of the epidermis, the * marks the extruded midgut) and further disrupts the
ventral embryonic muscle pattern (white arrows). However, despite this early arrest in morphogenesis, localization of PS2 integrin (which
occurs at 11.20–16.0 h AEL) is unaffected and muscles remain attached to the epidermis. (E) A confocal cross-section through a 14- to 16-h
AEL RhoA72F/RhoA72O mutant embryo, double stained for muscle-specific myosin-II (green) and PS2 (red). PS2 is localized to the muscle
ermini in this mutant background (* marks the midgut, which fails to complete morphogenesis in RhoA mutants). (F) Two sets of ventral
ongitudinal muscles from an embryo in which the 24B GAL4 line is driving UAS-RhoAN19 expression throughout the developing
mesoderm, stained for muscle-specific myosin-II (green) and PS2 (red). Note that although RhoAN19 expression affects muscle pattern (#
marks the location of a missing VL muscle), PS2 is localized normally.
Copyright © 2001 by Academic Press. All rights of reproduction in any form reserved.
D
p
h
D
s
d
h
f
Y
d
t
m
e
m
c
i
2
n
h
i
a
P
S
remains localized at the muscle termini in the absence of PS2.
220 Bloor and Kiehart
Copyright © 2001 by Academic Press. All rightzip alleles are embryonic lethal and mutants fail to com-
plete dorsal closure or head involution, morphogenetic
processes that normally occur during stages 14 and 15
(10.20–13.0 h AEL). These mutant embryos lack zygotic
expression of nonmuscle myosin-II heavy chain and, there-
fore, once the maternal store of this protein is depleted, lack
nonmuscle myosin-II based contractility. We observe a
subtle disruption of the wild-type muscle pattern in
stage-16 zip mutant embryos. Specifically we examined 98
abdominal hemisegments from 14 to 16 h AEL zip1D16/
f(2)ES1 transheterozygotes, an allelic combination that is
redicted to synthesize no zygotic nonmuscle myosin-II
eavy chain protein (Young et al., 1993; V. S. Williams and
.P.K., unpublished data). Within these mutants, we ob-
erved that a characteristic subset of ventral muscles were
eleted (Figs. 2A and 2B): VA3 was missing in 77 of the
emisegments scored and both VA1 and VA2 were missing
rom 47 hemisegments. Embryos homozygous for zip2,
another putative null allele of zip (Mansfield et al., 1996;
oung et al., 1993), exhibit equivalent ventral muscle
eletions (data not shown). In addition, we used a genetic
echnique to reduce the amount of maternal nonmuscle
yosin-II in zip2 mutant embryos. The lethal(2)giant lar-
vae (l(2)gl) gene encodes p127, a nonmuscle myosin-II
binding protein (Strand et al., 1994a). p127-l(2)gl is localized
at the cell cortex where it forms a complex with nonmuscle
myosin-II heavy chain (Strand et al., 1994b). However, it is
xcluded from sites at which nonmuscle myosin-II-
ediated contractility functions. One hypothesis is that
omplex formation inhibits contractility. This hypothesis
s supported by genetic data: l(2)gl mutations suppress zip
phenotypes (as less maternal nonmuscle myosin-II is se-
questered), while l(2)gl overexpression increases the sever-
ity of zip mutant phenotypes (more maternal nonmuscle
myosin-II is sequestered) (Arquier et al., 2001; G. Merdes et
al., manuscript in preparation). We examined muscle mor-
phology and PS2 localization in zip2 mutant embryos that
also carried four copies of a wild-type P[l(2)gl] transgene.
The extra copies of l(2)gl cause an earlier arrest in embry-
onic morphogenesis and result in the further disruption of
muscle patterning (Fig. 2D). Despite this, all existing
muscles maintain their attachments to the epidermis.
The muscle phenotype associated with zip mutant em-
bryos is easily distinguished from, and is considerably less
severe than, the muscle detachment phenotype observed in
embryos that lack PS2 integrin (Bloor and Brown, 1998;
Brabant and Brower, 1993; Brown, 1994). This suggests that
PS2 localization cannot depend on nonmuscle myosin-II
function because, if it did, zip mutants would recapitulate
the detachment defect. To determine more directly
whether nonmuscle actomyosin-II contractility is required
for PS2 integrin clustering, we analyzed PS2 localization in
zip2 homozygous embryos. We find that PS2 integrin is
localized normally in 14- to 16-h AEL zip2 mutants (Fig.
C). To rule out the possibility that maternally supplied
onmuscle myosin-II drives PS2 localization in zip2 mutantFIG. 3. Maintenance of nonmuscle myosin-II localization at the
muscle termini requires PS2 integrin. Double staining wild-type embryos
for PS2 (A–C) and nonmuscle myosin-II (A9–C9) at different stages of
development (A, A9: stage 14; B, B9: stage 15; C, C9: stage 16) shows
that PS2 is localized to the muscle termini prior to nonmuscle
myosin-II. Each panel depicts a single segment and the muscle
termini (white arrowheads) of the VL muscles that span the segment.
(D–G) if mutant embryos stained for nonmuscle myosin-II. Each panel
shows a high-magnification confocal view of two sets of VL’s and
their associated muscle termini. Early in stage 16 (14–15 h AEL),
nonmuscle myosin-II is localized to the muscle termini in both ifB4 (D)
and ifSEF (F) mutant embryos. However, by the end of stage 16 (15–16
h AEL), nonmuscle myosin-II is completely lost from the muscle
termini in ifB4 embryos (E, muscle termini indicated by white arrow-
eads), even in those muscles that remain attached to each other. In
fSEF mutants, the levels of nonmuscle myosin-II at the muscle termini
re severely reduced (G). (H) A stage-16 wild-type embryo stained for
AK showing the localization of this protein to muscle termini. (I)
taining a late stage-16 ifB4 embryo for PAK shows that this proteinembryos, we used the genetic technique described above to
s of reproduction in any form reserved.
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221Nonmuscle Myosin-II Function in Drosophila Myogenesisreduce levels of maternal nonmuscle myosin-II. We find
that, even though the presence of the l(2)gl transgenes
auses a conspicuous defect in germband retraction, PS2
ntegrin is still localized to the muscle termini (Fig. 2D). We
onclude that nonmuscle myosin-II is not required for PS2
ocalization and that PS2 clustering is driven by a mecha-
ism independent of contractility.
The Maintenance of Nonmuscle Myosin-II at
Muscle Termini Requires PS2 Integrin
In cultured vertebrate cells, integrin clustering drives the
recruitment of intracellular signaling and cytoskeletal mol-
ecules, including nonmuscle myosin-II (Folsom and Sak-
aguchi, 1999), to the cytoplasmic face of the focal adhesion.
By analogy, the presence of nonmuscle myosin-II at Dro-
sophila embryonic muscle termini could be due to its
ecruitment by PS2 integrin. PS2 is first seen localized at
he muscle termini at late stage 14 (Fig. 3A), when the
eveloping myotubes are still extending towards their sites
f attachment with the epidermis. At this stage, although
onmuscle myosin-II is expressed in the myotubes, no
istinct localization of this protein is observed (Fig. 3A9).
During stage 15, as muscle attachments start to form,
nonmuscle myosin-II starts to colocalize with PS2 at the
muscle termini (Figs. 3B and 3B9). As development contin-
ues, both proteins continue to be recruited to and accumu-
late at the muscle termini (Figs. 3C and 3C9, such that high
levels of PS2 and nonmuscle myosin-II are found at these
sites late in stage 16.
If nonmuscle myosin-II localization at the muscle ter-
mini is dependent on PS2, then we predict that nonmuscle
myosin-II should fail to localize to these sites in the absence
of this integrin. Mutations in inflated (if), the gene that
encodes the aPS2 integrin subunit, specifically eliminate PS2
ntegrin from the embryo (Brabant and Brower, 1993;
rown, 1994). This results in a muscle detachment pheno-
ype that gets progressively more severe during stage 16. To
est our hypothesis, we examined nonmuscle myosin-II
ocalization in stage-16 embryos mutant for ifB4, a null
allele of inflated (Brown, 1994). Early in stage 16, the
localization of nonmuscle myosin-II to the muscle termini
appears unaffected by the absence of PS2 (Fig. 3D). How-
ever, by late stage 16, nonmuscle myosin-II is completely
lost from the muscle termini (Fig. 3E), even in those
muscles that remain associated with their epidermal at-
tachment sites. We conclude that PS2 integrin is not
required for the initial localization of nonmuscle myosin-II
to muscle termini, but that it is essential for the mainte-
nance of this localization late in myogenesis.
This failure to maintain nonmuscle myosin-II at the
muscle termini might reflect a general disruption of a
PS2-specified muscle terminal domain. To test this, we
analyzed the distribution of the serine/threonine kinase
PAK in the absence of PS2 integrin. In late stage-16 wild-
type embryos, PAK is strongly localized to the muscle
termini (Fig. 3H; Harden et al., 1996); it remains localized to l
Copyright © 2001 by Academic Press. All rightthese sites in late stage-16 ifB4 mutant embryos (Fig. 3I). We
conclude that the maintenance of nonmuscle myosin-II at
muscle attachment sites is specifically dependent on PS2
integrin.
Many intracellular proteins present at focal adhesions are
recruited through direct or indirect interactions with the
cytoplasmic tail of integrin b subunits (Hemler, 1998;
iyamoto et al., 1995a,b). We postulated that nonmuscle
yosin-II maintenance at the muscle termini was similarly
ependent on the cytoplasmic tail of bPS, the b subunit
partner of aPS2 in PS2 integrin. In order to test this, we
utilized an exogenous construct (CD2bPScyt) in which the
ytoplasmic tail of the bPS integrin subunit is fused to the
extracellular and membrane spanning domains of the rat
CD2 protein. When full-length CD2 is expressed in Dro-
sophila embryonic muscle, it is localized generally to the
sarcolemma (Dunin-Borkowski et al., 1995). By replacing
the cytoplasmic tail of CD2 with that from the bPS integrin
subunit, the chimeric construct is efficiently targeted to the
muscle termini, even in the absence of endogenous PS2
integrin (Martin-Bermudo and Brown, 1996). Expression of
CD2bPScyt in the muscles of ifB4 mutant embryos results in
he continued maintenance of nonmuscle myosin-II at the
uscle termini (Fig. 4). Thus, the presence of the bPS
cytoplasmic tail is sufficient to maintain the localization of
nonmuscle myosin-II, consistent with the proposition that
PS2 integrin maintains nonmuscle myosin-II at the muscle
termini late in myogenesis.
Nonmuscle Myosin-II Is Essential for the
Formation of Striated Myofibrils
The PS2-dependent maintenance of nonmuscle myosin-II
at muscle termini suggests that this protein functions
downstream of PS2 during late myogenesis. During stage
17, the muscle attachments become further elaborated and
the muscle cytoskeleton is organized into sarcomeres. We
have shown that nonmuscle myosin-II is not required for
PS2-mediated adhesion; however, PS2 is also required for
the normal sarcomeric organization of the muscle cytoskel-
eton (Bloor and Brown, 1998; Gullberg et al., 1994). In
particular, a genetic analysis of inflated identified a single
allele, ifSEF, that is able to mediate normal muscle attach-
ment, but in which the organization of the muscle sarco-
mere is disrupted (Bloor and Brown, 1998). To investigate
whether there is a link between PS2 integrin, nonmuscle
myosin-II, and sarcomere organization, we analyzed the
localization of nonmuscle myosin-II at the muscle termini
in ifSEF mutant embryos (Figs. 3F and 3G). This shows that,
as in ifB4 mutant embryos, nonmuscle myosin-II is localized
ormally to the muscle termini in early stage 16, but that
ater in development the maintenance of this protein at the
uscle termini is disrupted. Nonmuscle myosin-II is not
ompletely lost from the muscle termini; however, the
mount of nonmuscle myosin-II present at these sites in
ate stage-16 ifSEF mutant embryos is severely reduced. This
s of reproduction in any form reserved.
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222 Bloor and KiehartFIG. 4. The bPS cytoplasmic tail is sufficient to direct nonmuscle myosin-II localization. Stage-17 ifB4 mutant embryos expressing the
CD2-bPScyt construct in somatic muscles were double stained with antibodies to CD2 and nonmuscle myosin-II. Each panel shows two
uscles that have completely detached from the epidermis at one end but remain associated with an epidermal tendon cell at the other
arrows). The CD2-bPScyt fusion protein localizes to the muscle termini associated with the tendon cell (A), as does nonmuscle myosin-II (B,
compare with Fig. 3E). Merging the two images (C) shows that the CD2-bPScyt fusion protein (red) and nonmuscle myosin-II (green) colocalize
in these residual terminal domains. Bar, 10 mm.
IG. 5. Nonmuscle myosin-II, but not RhoA, is required for the formation of striated myofibrils and is localized to the Z-line in mature
uscle. (A–C) Actin organization in very late stage-17 embryos was visualized via mesodermal specific expression of GMA, a probe specific
or actin localization (see text). (A) Bright actin I bands and dark H zones are readily observable in wild-type dorsal muscles just prior to
arval hatching. (B) Actin in the dorsal muscles of a zip2 homozygous embryo of the same age is unorganized and appears as muscle-length
filaments that somewhat resemble stress fibers. (Note that the dark vertical lines that cross some dorsal muscles are the motor neurons that
innervate those muscles.) (C) Actin in the dorsal muscles of a RhoA mutant embryo of the same age is organized into discrete I bands. (D)
Staining a filleted third instar larva for nonmuscle myosin-II reveals a distinctive striped pattern of protein localization consistent with its
localization at the Z line. (E) Double labeling with nonmuscle myosin-II (red) and muscle-specific myosin-II (green) reveals that nonmuscle
myosin-II is found between A-bands, in the region of the Z-line. (Note that as the dissected prep is not perfectly flat there is some
discontinuity of the muscle-specific myosin-II staining in this confocal image.) Bar, 10 mm.
Copyright © 2001 by Academic Press. All rights of reproduction in any form reserved.
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223Nonmuscle Myosin-II Function in Drosophila Myogenesisis consistent with a role for integrin-dependent nonmuscle
myosin-II function in the formation of mature sarcomeres.
To unequivocally demonstrate that nonmuscle myosin-II
is necessary for the proper organization of the sarcomere,
we followed actin distribution during myofibrillogenesis in
wild-type and zip2 mutant embryos. To do this, we used the
GAL4-UAS system (Brand and Perrimon, 1993) to express
GMA, an actin-binding GFP fusion protein, in the meso-
derm. GMA consists of GFP fused to the 137-amino acid,
autonomously folding actin-binding domain of Drosophila
Moesin. It can be expressed constitutively at high levels
throughout the life cycle of Drosophila with little or no
effect on development. Thus, like other GFPMoe trans-
genes we have used previously (Edwards et al., 1997; Kie-
art et al., 2000), it functions noninvasively to bind fila-
entous actin and demonstrate its subcellular distribution.
hen expressed in late stage-17 wild-type muscle, it clearly
emarks the bright actin I bands and separating dark H
ones characteristic of the sarcomeric organization of ma-
ure myofibrils (Fig. 5A). When expressed in zip2 mutant
embryos, I bands are not observed (Fig. 5B), instead actin is
organized into continuous filaments that run the length of
the muscle. To date, we have never observed I bands in the
muscles of zip2 mutant embryos. Thus, as we can monitor
actin distribution throughout myogenesis in these mutant
animals, this demonstrates that, rather than leading to the
breakdown of previously organized myofibrils, the absence
of nonmuscle myosin-II results in the arrest of normal
myofibrillogenesis.
Nonmuscle Myosin-II Localizes to the Z Line in
Larval Muscles
We have shown that, in the Drosophila embryo, non-
muscle myosin-II localizes at the muscle termini prior to
myofibril formation. However, due to the deposition of the
larval cuticle, we have been unable to follow the localiza-
tion of nonmuscle myosin-II during the organization of the
muscle cytoskeleton into sarcomeres. Thus, during Dro-
sophila myofibrillogenesis, we do not know whether non-
uscle myosin-II is present in premyofibril-like structures,
s described for cultured cardiomyocytes (LoRusso et al.,
1997; Rhee et al., 1994) and/or whether, as has been
reported for mature vertebrate cardiac and skeletal muscle,
nonmuscle myosin-II is present at the Z-line (Takeda et al.,
2000). In order to determine where nonmuscle myosin-II
localizes in mature larval muscles, we filleted wild-type
wandering stage 3rd instar larvae and double stained them
for nonmuscle and muscle-specific myosin-II. This clearly
demonstrates that in mature muscles nonmuscle myosin-II
is localized to the Z-line (Figs. 5D and 5E).
RhoA GTPase Is Not Required for Nonmuscle
Myosin-II Function in Muscle
A major regulator of nonmuscle myosin-II activity is the
small GTPase Rho. Cell culture experiments have demon- w
Copyright © 2001 by Academic Press. All righttrated that this function of Rho is required for integrin
lustering (Chrzanowska-Wodnicka and Burridge, 1996;
idley and Hall, 1992). In addition, Rho has been implicated
n myofibrillogenesis in cultured cardiac myocytes (Hoshi-
ima et al., 1998; Wang et al., 1997). The major Drosophila
omologue of this protein is encoded by the RhoA gene
Hariharan et al., 1995; Sasamura et al., 1997). Zygotic
hoA mutants are embryonic lethal and exhibit defects in
he morphogenetic processes of dorsal closure and head
nvolution (Magie et al., 1999), similar to those observed in
ip mutants. Furthermore, genetic interactions between
hoA, DRhoGEF2, and zip demonstrate that the products
f these genes function in common morphogenetic path-
ays during Drosophila development (Halsell et al., 2000;
inter et al., 2001). Our data show that nonmuscle
yosin-II is not required for either muscle attachment or
S2 integrin localization. Thus, it is unlikely that RhoA
lays a role in these processes. To test whether or not this
ssumption is accurate, we examined RhoA mutant em-
ryos for defects in muscle attachment and PS2 localiza-
ion: none were observed (Fig. 2E). In addition, we expressed
dominant negative RhoAN19 construct in the mesoderm in
ild-type embryos. This disrupts midgut morphogenesis to
similar extent as RhoA mutants (data not shown), reflect-
ng RhoAN19 expression in the visceral mesoderm, as well as
ausing some defects in muscle patterning (Fig. 2F). Despite
his, there is no effect on muscle attachment or PS2
ocalization. These data provide evidence that RhoA func-
ion is not required for PS2 localization. Finally, to test
hether RhoA is required for myofibril formation, we
xamined actin localization the in musculature of stage-17
hoA mutant embryos. We find that the somatic muscles
n these mutant embryos exhibit well-defined actin I bands
Fig. 5C). We conclude that the role of nonmuscle myosin-II
n the generation of myofibril sarcomeric ultrastructure is
ndependent of RhoA function.
DISCUSSION
Here, we analyze the myogenic function of nonmuscle
myosin-II by using Drosophila genetics to manipulate the
levels of nonmuscle myosin-II heavy chain, PS2 integrin,
and RhoA GTPase in vivo in the developing larval muscles.
We find that both nonmuscle myosin-II and PS2 colocalize
at muscle termini. However, in contrast to models based on
cultured fibroblasts, we can provide no evidence for either
nonmuscle myosin-II or RhoA function in PS2 clustering.
Instead, we show that the maintenance of nonmuscle
myosin-II localization at muscle termini is dependent on
the presence of PS2 integrin and that the cytoplasmic tail of
the bPS integrin subunit is sufficient for this. Further,
onmuscle myosin-II maintenance at the muscle termini is
ompromised in ifSEF, a aPS2 integrin subunit mutant that
pecifically disrupts myofibril formation. Through the anal-
sis of actin distribution in the musculature of living
ild-type and mutant embryos, we demonstrate that RhoA-
s of reproduction in any form reserved.
(
o
1
l
f
T
R
n
a
P
m
p
e
g
H
f
e
o
o
c
e
t
a
v
t
t
m
d
V
t
(
r
q
c
e
w
l
k
d
e
w
s
c
P
i
A
a
n
224 Bloor and Kiehartindependent nonmuscle myosin-II function is required for
the proper sarcomeric organization of the muscle cytoskel-
eton. Finally, as we show that nonmuscle myosin-II local-
izes to the Z-line in late larval muscle, we suggest that
nonmuscle myosin-II functions at both the muscle termini
and the Z-line to maintain the structural integrity of the
sarcomere.
PS2 Localization and Nonmuscle Actomyosin-II
Contractility
When fibroblasts in culture attach to ECM substrates
through their cell surface integrin receptors, they dramati-
cally redistribute these receptors such that they become
clustered at focal adhesions. Integrin ligand binding also
induces the actin cytoskeleton to rearrange into stress
fibers, which terminate at focal adhesions and connect to
the cytoplasmic domains of the clustered integrins. Phar-
macological inhibitors of contractility block this complex
cellular response (Chrzanowska-Wodnicka and Burridge,
1996), providing evidence that nonmuscle myosin-II driven
contractility is essential for integrin clustering. At least a
subset of nonmuscle myosin-II based contractility is depen-
dent on RhoGTPase-mediated phosphorylation events (re-
viewed in Bresnick, 1999). This suggests a model for focal
adhesion and stress fiber formation in which, when diffuse
cell surface integrins bind ECM ligand, they associate with
actin filaments and activate Rho. In turn, Rho activates
nonmuscle myosin-II, driving the formation of nonmuscle
myosin-II filaments and increasing contractility. This in-
creases the tension exerted on the actin cytoskeleton caus-
ing actin filaments to bundle and align into stress fibers.
Bundling drives actin-associated cell surface integrins into
clusters and focal adhesions are formed (Burridge and
Chrzanowska-Wodnicka, 1996; Chrzanowska-Wodnicka
and Burridge, 1996; Schoenwaelder and Burridge, 1999).
The localization of PS2 integrin at Drosophila muscle
termini is an ideal system in which to test this model in
vivo. Indeed, consistent with the possibility that RhoA-
mediated nonmuscle myosin-II contractility drives PS2
integrin clustering in the larval musculature, genetic evi-
dence implicates RhoA-dependent activation of nonmuscle
myosin-II in multiple morphogenetic pathways during Dro-
sophila development (Halsell et al., 2000; Winter et al.,
2001). Furthermore, previous studies have shown that an
uncharacterized intracellular mechanism is capable of driv-
ing integrin localization to the muscle termini (Martin-
Bermudo and Brown, 1996). Despite this, we show that
genetic depletion of either nonmuscle myosin-II or RhoA
fails to disrupt PS2 localization.
Maternally contributed RNAs and proteins support the
early stages of Drosophila embryogenesis. Both zip and
RhoA are maternally expressed and, in the absence of
zygotic expression, this maternal contribution is sufficient
for development to proceed normally until stage 14 (10.20–
11.20 h AEL). Subsequent to this, depletion of maternal
gene product results in defects in epidermal morphogenesis
Copyright © 2001 by Academic Press. All rightMagie et al., 1999; Young et al., 1993). As the localization
f PS2 integrin to the muscle termini occurs during stages
5 and 16 (11.20–16.0 h AEL) (Bogaert et al., 1987), it seems
ikely that maternally contributed gene product is depleted
rom zip and RhoA mutant embryos prior to PS2 clustering.
hus, the presence of PS2 at muscle termini in zip and
hoA mutants suggests that neither nonmuscle myosin-II
or RhoA are required for PS2 clustering. However, the
bsolute amount of these gene products required to localize
S2 may be lower than that required for continued epider-
al morphogenesis. Alternatively, these gene products may
erdure longer in the mesoderm than in the developing
pidermis.
It is possible to eliminate the maternal contribution of a
ene by generating mutant clones in the female germline.
owever, germline clones of zip and RhoA null mutations
ail to make eggs (D.P.K., unpublished observation; Magie
t al., 1999). We used a novel technique to address the role
f maternal nonmuscle myosin-II in PS2 localization. We
verexpressed p127-l(2)gl, a nonmuscle myosin-II heavy
hain binding protein, in a zip2 mutant background. The
p127-l(2)gl protein binds and sequesters maternal non-
muscle myosin-II heavy chain, effectively titrating the
available levels of nonmuscle myosin-II and antagonizing
its function (Arquier et al., 2001; G. Merdes et al., manu-
script in preparation). In these embryos, the epidermal
morphogenesis defects associated with zip2 mutations are
nhanced; however, muscle attachment and PS2 localiza-
ion were unaffected. We do, however, observe muscle
bnormalities in these and in zip zygotic null embryos: a
ariable subset of ventral muscles is deleted. Interestingly
he affected muscles, VA1, VA2, and VA3, are derived from
wo muscle progenitors that arise from the same cluster of
esodermal cells (Carmena et al., 1995). One progenitor
ivides to produce the muscle founder cells for VA1 and
A2. Subsequently, the other progenitor divides to produce
he VA3 muscle founder and an adult muscle founder cell
Bate, 1990; Carmena et al., 1995). The lineage and temporal
elationships between these cells are reflected in the fre-
uency at which these muscles are deleted: VA3 is more
ommonly deleted than VA1 and VA2, which are always
ither both present or both deleted. Although it is unclear
hether these are the last progenitors to divide, it seems
ikely that defects in nonmuscle myosin-II-dependent cyto-
inesis are the basis of this phenotype. The fact that
epletion of nonmuscle myosin-II can affect myogenic
vents occurring during stages 11 and 12 (5.20–9.20 h AEL)
ithout affecting the localization of PS2 that occurs during
tages 15 and 16 (11.20–16.0 h AEL) further supports our
ontention that nonmuscle myosin-II is not required for
S2 localization.
An alternative approach to the analysis of gene function
s the ectopic expression of dominant negative constructs.
lthough the interpretations of such experiments are not
lways unambiguous, ectopic expression of the dominant
egative RhoAN19 construct has implicated RhoA functionin biological processes not revealed by maternal and zygotic
s of reproduction in any form reserved.
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225Nonmuscle Myosin-II Function in Drosophila Myogenesismutational analyses. For example, driving RhoAN19 expres-
sion in the early mesoderm disrupts invagination of this
tissue, phenocopying embryos that lack both maternal and
zygotic DRhoGEF2 expression (Hacker and Perrimon,
1998). In this study, we used the 24B GAL4 driver to express
UAS-RhoAN19 in the mesoderm during later stages of devel-
pment. 24B-driven expression can be detected by stage 10
4.20–5.20 h AEL) and strong expression occurs from stage
3 onward (9.20–10.20 h AEL; J.W.B., unpublished results).
hus, we are confident that by using this approach we
ill compromise endogenous RhoA function during late
tages of mesoderm development. Indeed 24B-driven
AS-RhoAN19 expression affects the development of the
visceral mesoderm and causes defects in somatic muscle
patterning similar to those seen in zip mutant embryos
Fig. 2F). However, we do not detect defects in somatic
uscle attachment or PS2 localization in these embryos.
hus, while we cannot be absolutely certain that mater-
ally supplied nonmuscle myosin-II or RhoA do not
ontribute to PS2 localization, our experiments provide
trong evidence against this possibility.
PS2 and Nonmuscle Myosin-II Localization
To exert tension on an underlying substrate, a cell must
form a strong transmembrane connection between the
substrate and its contractile cytoskeleton. At Drosophila
muscle attachments this connection is mediated by local-
ized PS2 integrin (Brabant and Brower, 1993; Brown, 1994).
As such, these structures superficially resemble focal adhe-
sions, a point further emphasized by the localization of the
focal adhesion protein integrin-linked kinase (ILK) to these
sites (Zervas et al., 2001). In contrast to the recruitment of
intracellular proteins to focal adhesions, we show that the
initial localization of nonmuscle myosin-II to Drosophila
muscle termini is not dependent on integrin clustering.
Similarly, the localization of PAK (this study) and ILK
(Zervas et al., 2001) are both independent of PS2 integrin.
Furthermore, PS2 is also not required for the formation of
an electron-dense hemiadherens junction at the muscle
termini (Prokop et al., 1998). However, among the proteins
known to localize to the muscle termini, nonmuscle
myosin-II is so far unique in that only it is dependent on
PS2 integrin for its continued localization at these sites.
Interestingly, the localization of nonmuscle myosin-II be-
comes PS2-dependent at the same developmental stage at
which the PS2-dependence of muscle adhesion becomes
apparent (Brabant and Brower, 1993; Brown, 1994). When
integrins bind ECM ligand, they are thought to undergo a
conformational change that displaces the cytoplasmic tail
of the integrin a subunit, exposing protein binding sites on
he cytoplasmic tail of the b subunit, a process known as
outside–in signaling. It is possible that the accessibility of
the bPS cytoplasmic tail for protein–protein binding regu-
lates PS2-dependent nonmuscle myosin-II localization.
This is supported by our observation that, in the absence of
endogenous PS2, the bPS cytoplasmic tail is sufficient to
Copyright © 2001 by Academic Press. All righteep nonmuscle myosin-II at the muscle termini. Excit-
ngly, biochemical studies show that peptides derived from
he cytoplasmic tail of the vertebrate integrin b3 subunit are
ble to interact with the tail of nonmuscle myosin-II
Jenkins et al., 1998). In addition, this interaction has
ecently been demonstrated in cultured cells (Sajid et al.,
000), suggesting that the maintenance of nonmuscle
yosin-II localization might occur through a direct binding
eaction with the bPS cytoplasmic tail.
Nonmuscle Myosin-II and PS2 Function in
Myofibrillogenesis
PS2 integrin is required in muscle both for attachment to
the epidermis and for the generation of sarcomeric ultra-
structure. Our data suggest that the sarcomeric function of
PS2 is due, at least in part, to its role in maintaining
nonmuscle myosin-II at the muscle termini. A possible
function for nonmuscle myosin-II at the muscle termini is
to physically link PS2 integrin to the muscle cytoskeleton
by directly binding both PS2 and actin. One prediction of
this model is that, in the absence of nonmuscle myosin-II,
the muscle cytoskeleton will detach from the muscle
termini, but that PS2 will continue to mediate adhesion of
the muscle sarcolemma to the tendon matrix of the muscle-
attachment site. Such a phenotype is observed in embryos
mutant for ilk, the gene that encodes ILK (Zervas et al.,
2001). However, this disconnection of the muscle cytoskel-
eton from the muscle termini is clearly distinct from that
observed in the muscles of zip mutant embryos, where
uscle actin remains connected to the muscle termini, but
ails to organize into sarcomeres. While this does not rule
ut a role for nonmuscle myosin-II in connecting PS2 and
ctin, it certainly argues against nonmuscle myosin-II being
he primary component of this link.
An alternative function for nonmuscle myosin-II is sug-
ested by our demonstration that nonmuscle myosin-II
ocalizes to the Z-line in the somatic muscles of 3rd instar
larvae. Both the Z-line and the muscle termini are ultra-
structural elements that transmit tensile stress during
muscle contraction. It is possible that nonmuscle myosin-II
might function as an actin-crosslinking protein at these
sites to help maintain their structural integrity. This role is
generally assumed to be a function of a-actinin, an actin
rosslinking protein that is the major component of muscle
ermini and Z-lines in both vertebrates and invertebrates.
utations in the single Drosophila a-actinin gene do cause
erminal defects and sarcomeric abnormalities (Dubreuil
nd Wang, 2000; Fyrberg et al., 1998, 1990; Roulier et al.,
992). Surprisingly though, embryos that lack both mater-
al and zygotic a-actinin expression hatch and lethality
does not occur until the end of the first larval instar (Roulier
et al., 1992). Furthermore, the organization of actin into a
striated pattern of I-bands is unaffected in a-actinin mu-
tants (Dubreuil and Wang, 2000). This implicates other
actin-binding proteins in the maintenance of actin organi-
s of reproduction in any form reserved.
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226 Bloor and Kiehartzation at the muscle termini and Z-line and our data
suggest that nonmuscle myosin-II maybe one such protein.
We have no clear model of how nonmuscle myosin-II
might fulfill this function. Intriguingly, myosin heads from
a single filament have been shown to be able to bind parallel
actin thin filaments of opposite orientation (Reedy et al.,
989). One speculation is that nonmuscle myosin-II might
e capable of such behavior, but how such cross-links
ould occur at cellular levels of ATP is not clear. One
ossibility is that nonmuscle myosin-II in the muscle
ermini and Z-line is in a “catch” muscle state in which
ension is maintained without turnover of ATP (Baguet and
illis, 1968; Nauss and Davies, 1966). By this scenario,
onmuscle myosin-II would not function in contraction,
ut would serve as an effective actin crosslinker. A noncon-
ractile function for nonmuscle myosin-II in myofibrillo-
enesis would explain why RhoA appears to have no role
n this process. It is interesting to note that, in Dictyo-
telium, a contraction-independent function of non-
uscle myosin-II has been shown to be important for the
eneration of cortical tension (Xu et al., 2001).
Finally PS2 has been shown to be present at the sarco-
emma above the Z-line in cultured Drosophila myotubes
Volk et al., 1990). It is therefore possible that PS2 somehow
unctions to maintain nonmuscle myosin-II within the
-line. Indeed, adhesion between Z-line-associated hemiad-
erens junctions and the muscle basement membrane fails
n the absence of PS2 (Prokop et al., 1998). This suggests
hat the integrity of the sarcomeric muscle cytoskeleton
equires it to be connected to the ECM at both the muscle
ermini and the Z-line and that this connection is mediated
y nonmuscle myosin-II and PS2 integrin.
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